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Characterization of Cellular Sources 
and Circulating Levels of Extracellular 
Vesicles in a Dietary Murine Model of 
Nonalcoholic Steatohepatitis
Jiahui Li,1* Huimin Liu,2,3* Amy S. Mauer,2 Fabrice Lucien,4 Abagail Raiter,2 Harikrishna Bandla,2 Taofic Mounajjed,5 Ziying Yin,1 
Kevin J. Glaser,1 Meng Yin,1 and Harmeet Malhi2

Circulating extracellular vesicles (EVs) are a novel and emerging biomarker for nonalcoholic steatohepatitis (NASH). 
It has been demonstrated that total circulating EVs and hepatocyte-derived EVs are elevated in male mice with diet-
induced NASH. How hepatocyte-derived EVs change over time and other cellular sources of EVs in NASH have not 
been determined. Our objective was to define the quantitative evolution of hepatocyte-derived, macrophage-derived, 
neutrophil-derived, and platelet-derived EVs in male and female mice with dietary NASH. Fluorescently labeled 
antibodies and a nanoscale f low cytometer were used to detect plasma levels of EVs. Asialoglycoprotein receptor 1 
(ASGR1) and cytochrome P450 family 2 subfamily E member 1 (CYP2E1) are markers of hepatocyte-derived EVs; 
galectin 3 is a marker of macrophage-derived EVs; common epitope on lymphocyte antigen 6 complex, locus G/C1 
(Ly-6G and Ly-6C) is a marker of neutrophil-derived EVs; and clusters of differentiation 61 (CD61) is a marker 
of platelet-derived EVs. Nonalcoholic fatty liver disease activity score (NAS) was calculated using hematoxylin and 
eosin-stained liver sections, and magnetic resonance imaging (MRI) was used for measurement of the fat fraction 
and elastography. Hepatocyte-derived EVs increased in both male and female mice at 12 and 10 weeks of feeding, 
respectively, and remained elevated at 24 weeks in both male and female mice and at 48 weeks in male mice and  
36 weeks in female mice. Macrophage- and neutrophil-derived EVs were significantly elevated at 24 weeks of di-
etary feeding concomitant with the histologic presence of inf lammatory foci in the liver. In fat-, fructose-, and cho-
lesterol- (FFC) fed male mice, platelet-derived EVs were elevated at 12, 24, and 48 weeks, whereas in female mice, 
platelet derived EVs were significantly elevated at 24 weeks. Hepatocyte-, macrophage- and neutrophil-derived EVs 
correlated well with the histologic NAS. Conclusion: Circulating cell-type-specific EVs may be a novel biomarker for 
NASH diagnosis and longitudinal follow up. (Hepatology Communications 2019;3:1235-1249).

Nonalcoholic fatty liver disease (NAFLD) 
is the most prevalent chronic liver disease 
worldwide.(1) The progressive component 

of NAFLD, termed nonalcoholic steatohepatitis 
(NASH), is characterized by hepatocellular injury, 
ballooning, inflammation, and fibrosis. NAFLD, 

including NASH, is a complex and heterogeneous 
disorder in which the combinatorial and variable 
contribution of multiple pathogenic processes, such 
as lipotoxicity, microbiome, environment, epigenetics, 
genetic variants, and other unidentified factors, leads 
to great individual variability.(2) Biological sex is an 
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additional key factor that influences disease pheno-
type.(3,4) The influence of biological sex on NAFLD 
pathogenesis and on biomarkers being developed as a 
replacement to the gold-standard liver biopsy remains 
incompletely understood.

Circulating extracellular vesicles (EVs) are a relatively 
novel and promising blood-based biomarker being tested 
for diagnostic utility in NAFLD.(5,6) Most cells release 
EVs into their extracellular milieu.(6) Quantitative 
changes in EV numbers or qualitative changes in EV 
cargoes in disease states may serve as disease-specific 
signatures and are being developed as potential blood-
based biomarkers.(5) It has been demonstrated that 
total circulating EVs and hepatocyte-derived EVs are 
elevated in male mice with diet-induced NASH.(7) In 
addition to hepatocytes, innate immune cells, espe-
cially macrophages and neutrophils, are implicated in 
NASH(8,9); however, alternative cellular sources of EVs 
in NASH models have not been characterized.

Epidemiologic data support an increase in NAFLD 
prevalence in women after menopause,(10) yet overall, 
men are at greater risk for NAFLD and related fibro-
sis and hepatocellular carcinoma, even after adjust-
ing for age and metabolic comorbidities.(11) Dietary 
murine models of NAFLD frequently demonstrate 
a similar sexual dimorphism.(3) Male mice from the 
C57BL/6J strain develop significant weight gain and 

associated metabolic features, such as insulin resis-
tance and hepatic steatosis, while female mice from 
the same strain are relatively resistant to the effects 
of diet-induced obesity.(12) Similarly, biomarkers of 
liver disease may demonstrate sexual dimorphism.(13) 
For example, plasma alanine aminotransferase (ALT) 
levels and microRNA-122 levels are higher in men 
than women.(13,14) The influence of biological sex on 
circulating EVs in NAFLD has not been carefully 
examined. The diverse cellular sources of EVs have 
also not been delineated. Therefore, our objective was 
to characterize circulating EVs derived from platelets, 
macrophages, neutrophils, and hepatocytes in female 
mice fed a diet high in fat, fructose, and cholesterol 
(FFC) over time in comparison to male mice in 
order to report on the cellular sources of circulating 
EVs and the influence of biological sex on circulat-
ing EVs. We further compared circulating EVs with 
a histologic assessment of the well-established gold- 
standard NAFLD activity score (NAS) and magnetic 
resonance elastography (MRE) parameters, an emerg-
ing noninvasive biomarker. Here, we demonstrate 
that hepatocyte-derived EVs are elevated early in 
NAFLD, well before histologically apparent inflam-
mation, and remain elevated over time; furthermore, 
hepatocyte-derived EVs correlate well with histologic 
features of NASH.
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Materials and Methods
ANIMAL MODEL

All animal use was approved by the institutional 
care and animal use committee of the Mayo Clinic and 
conducted in accordance with the public health pol-
icy on the humane use and care of laboratory animals. 
C56BL/6J female mice (n = 96; 9 weeks of age) were 
purchased from the Jackson Laboratory (Bar Harbor, 
ME) and acclimated for 3 weeks on standard rodent 
chow diet (RCD). At 12 weeks of age, mice were ran-
domized to two dietary groups; the RCD group of 
mice continued to receive rodent chow (catalog num-
ber 5053; Lab Test Diet), whereas the NASH group 
was switched to an FFC diet. The FFC diet provides 
40% kcal from fat and 0.15% cholesterol (AIN-76A; 
Western Diet), with high fructose corn syrup (23.1 g/L 
fructose and 18.9 g/L glucose) in their drinking water, 
as previously described by us.(15) Mice had unrestricted 
access to food and water and were housed in standard 
pathogen-free facilities with 12-hour day–night cir-
cadian cycles. Mouse grouping was based on the time 
points (1, 10, 16, 24, 36, and 60 weeks) that mice were 
euthanized. FFC-fed mice and chow-fed mice were 
each housed in two cages, four per cage, per time point.

Magnetic resonance imaging (MRI) examinations 
were performed monthly. Body weight was recorded 
before MRI and also before euthanasia, both following 
6 hours of fasting. At each terminal time point, mice 
were euthanized following 6 hours fasting during the 
light cycle. Platelet-poor plasma collected by cardiac 
puncture was isolated from citrated blood by centrifu-
gation at 1,200g for 20 minutes at room temperature, 
followed by 13,000g at 4°C for 2 minutes. Plasma was 
stored at −20°C until further analyses. The liver was 
excised, weighed, fixed in formalin, and embedded in 
paraffin for histology.

To compare the influence of biological sex on EVs, 
we used archived plasma from a published study in 
which male C56BL/6J mice, obtained from Jackson 
Laboratory, were fed the FFC diet.(16) We analyzed 
available samples from weeks 12, 24, and 48. The pri-
mary mouse handler from our laboratory, mouse room 
in the vivarium, and rack cage positions were similar 
in both studies. Histologic assessment of NAFLD, 
MRI characteristics, and plasma ALT levels from this 
cohort of male mice have been reported in our pub-
lished work.(16)

DETECTION AND 
QUANTIFICATION OF PLASMA 
EVs

Plasma EVs were detected by nanoscale flow 
cytometry (A60-Micro; Apogee Flow Systems Inc.). 
Well-characterized cell-type-specific plasma mem-
brane proteins that have been used for EV char-
acterization were used. These include clusters of 
differentiation (CD) 61 for platelet-derived EVs 
(CD61-allophycocyanin [APC], clone 2C9.G2; 
Miltenyi Biotec),(17) Mac-2 (also known as galectin-3)  
for macrophage-derived EVs (Alexa Fluor 448 
Galectin-3; BD Biosciences),(18) RB6-8C5 antigen 
for neutrophil-derived EVs (APC-Cy7-lymphocyte 
antigen 6 complex, locus G/C1 [Ly-6G and Ly-6C]; 
BD Biosciences),(19) and asialoglycoprotein receptor  
1 (Asgr1; Proteintech) and cytochrome p450 family 
2, subfamily e, polypeptide 1 (Cyp2E1; CYP450-GP) 
for hepatocyte-derived EVs.(20-27)

ASGR1 and CYP2E1 antibodies were covalently 
conjugated with fluorophores using commercially 
available antibody labeling kits (Alexa Fluor 488 
and Alexa Fluor 647 from Thermo Fisher Scientific) 
according to instructions; antibody-matched isotypes 
were also conjugated to the respective fluorophores. 
Antibody conjugation efficiency was measured using 
Nanodrop (Thermo Fisher Scientific). To exclude 
differences in antibody-labeling efficiency, we con-
firmed that there were no differences in fluores-
cence signal intensity for each specific antibody and 
its isotype control by nanoscale flow cytometry on 
phosphate-buffered saline as it is devoid of EVs 
(Supporting Fig. S1). For each sample, 10 μL plasma 
was labeled with either antibodies to detect platelet-, 
macrophage-, and neutrophil-derived EVs or labeled 
with antibodies to detect hepatocyte-derived EVs, 
and incubated for 30 minutes at room temperature 
in the dark. The final concentrations of antibodies 
used were 10 μg/mL for platelet-, macrophage-, and 
neutrophil-derived EVs and 5 μg/mL for hepatocyte- 
derived EVs. Isotype control immunoglobulins were 
used at the same concentration as corresponding anti-
bodies. Single-labeled plasma samples were included 
to set up compensation. Each plasma sample was 
assayed in triplicate. After incubation, 1% filtered 
paraformaldehyde was added to stop the immunola-
beling reaction, and the final volume of each sample 
was brought to 200 μL.
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Before sample analysis, the A60-Micro nanoscale 
flow cytometer was calibrated using a reference bead 
mix, as described.(28) Briefly, polystyrene and sil-
ica beads with diameters ranging from 110 nm to 
1,300 nm were used to evaluate A60-Micro sensi-
tivity for light-scatter detection. Light-scatter trig-
gering thresholds were set such that all events falling 
between 110 nm and 1,000 nm were gated as EVs. 
Nonspecific fluorescent backgrounds produced by 
plasmas incubated with isotype controls were used to 
gate on antibody-positive EVs. Samples were run at a 
flow rate of 1.5 μL/minute for 1 minute.

HISTOLOGIC ANALYSES AND ALT
We stained 5-μm sections of formalin-fixed par-

affin-embedded liver tissues with hematoxylin and 
eosin using standard techniques; these were used for 
histologic grading according to the NAFLD activ-
ity score (NAS) by a blinded expert pathologist.(29) 
Fibrosis was assessed by sirius red staining of 5-µm 
liver sections, as described by us in detail, and also 
graded in a blinded fashion by an expert patholo-
gist.(30) The percentage area of sirius red staining 
was quantified using National Institutes of Health 
ImageJ software. Plasma ALT levels were measured 
using a commercial veterinary chemistry analyzer 
(VetScan 2; Abaxis).

MRI/MRE AND PROCESSING
All experiments were performed on a 3.0-T 

whole-body MRI scanner (HDx; GE Healthcare, 
Milwaukee, WI) with a custom 8-channel, 4-cm inner 
diameter, receive-only, birdcage imaging coil. After a 
6-hour fasting, each mouse was anesthetized with 
1.0%-1.5% isoflurane and received maintenance inha-
lation anesthesia during the scan. A sliver needle (0.26 
mm in diameter and 39 mm in length; Asahi Medical 
Instrument Co., Kawaguchi, Japan) was inserted into 
the liver tissue from the anterior abdominal wall. The 
other end of the needle was connected to a passive 
pneumatic driver to generate shear waves through-
out the liver at 80 Hz. The MRI/MRE imaging and 
image-processing methods have been described.(16) 
Hepatic fat fraction (%) was assessed by the two-
point Dixon method, using a fasting, spoiled, gradient 
echo sequence. Acquisition time was about 1 minute 
per mouse. MRE wave images were acquired with a 
free-breathing, 4-shot, 8-slice, spin-echo-based echo 

planar imaging MRE sequence. Acquisition time 
was about 2.5 minutes per mouse. We calculated the 
means and SDs of shear stiffness and damping ratio 
within manually defined volumetric regions of inter-
ests. We calculated the normalized shear stiffness/
damping ratio with the absolute value of shear stiff-
ness/damping ratio of FFC-fed mice weighted by the 
mean value of age-matched RCD-fed mice in each 
group. The normalized values for RCD mice should 
be 1 at each time point.

STATISTICAL ANALYSES
Statistical analyses were performed using SPSS 

version 19.0 (IBM Analytics). Quantitative variables 
were presented as mean  ±  SEM. The one-tailed or 
two-tailed Student t test or Mann-Whitney U test 
was used for comparing groups. Spearman’s rank 
correlation coefficient was calculated for correlation 
analysis. P  <  0.05 was considered significant. Data 
analyses of the flow cytometry experiment were per-
formed using FlowJo 10.0. All authors had access to 
the study data and reviewed and approved the final 
manuscript.

Results
CELLULAR SOURCES OF 
ELEVATED PLASMA EVs IN  
FFC-FED MICE

We used nanoscale flow cytometry to character-
ize circulating EVs in plasma in order to understand 
the cellular sources and kinetic changes in EVs in the 
development and progression of NASH. Label-free 
quantification of total EVs is shown in Supporting 
Fig. S2. As total EVs are nonspecific, we wanted to 
examine the cell-type-specific EVs; therefore, we first 
quantified hepatocyte-derived EVs using the markers 
ASGR1 and CYP2E1 in female and male FFC-fed 
mice over time. ASGR1-positive EVs were elevated in 
male mice at 12, 24, and 48 weeks and in female mice 
at 10, 24, and 36 weeks (Fig. 1A,B). Not all ASGR1-
positive EVs expressed CYP2E1 (Fig. 1C,D), but 
the percentage of ASGR1-positive EVs that also 
expressed CYP2E1 remained comparable between 
RCD-fed and FFC-fed mice. CYP2E1-positive EVs 
were significantly increased in FFC-fed male mice at 
24 and 48 weeks of feeding and in FFC-fed female 
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mice at 10 and 24 weeks of feeding (Fig. 1E,F). We 
determined that the percentage of CYP2E1-positive 
EVs that also expressed ASGR1 were similar between 
RCD-fed and FFC-fed mice (Fig. 1G,H). These data 
indicate that hepatocyte-derived EVs are elevated in 
FFC-fed male and female mice over time. Not all 
EVs expressed both markers, indicating heterogene-
ity in hepatocyte-derived EVs. The percentages that 
expressed both markers remained unchanged between 
RCD-fed and FFC-fed mice, suggesting that EVs 
elevated due to FFC feeding in mice did not express 
both hepatocyte markers.

Secretory products of cells of the innate immune 
system, especially macrophages and neutrophils, play 
an important role in the inflammation noted in 
NASH. To determine whether these cell types could 
also release EVs, we quantified macrophage-derived 
and neutrophil-derived EVs. Platelet-derived EVs 
are known to be abundant and were also included. 
Macrophage-derived EV levels were increased in 
both male (at 24 and 48 weeks) and female (at 24 
and 36 weeks) RCD-fed and FFC-fed mice over 
time, although EVs were significantly higher in the 
FFC-fed mice (Fig. 2A,B). There were no differences 
between RCD-fed and FFC-fed macrophage-derived 
EVs at early time points. Neutrophil-derived EVs 
could not be detected at 12 weeks in FFC-fed male 
mice and 10 weeks in female mice (Fig. 2C,D). These 
EVs were elevated concomitantly with histologic 
NASH at 24 weeks in both male and female mice. 
The elevation persisted in FFC-fed male mice at  
48 weeks. Interestingly, even in RCD-fed mice, neutro-
phil-derived EVs increased with age. Platelet-derived 
EVs were significantly higher in FFC-fed male mice 
than RCD-fed male mice at 12, 24, and 48 weeks  
(Fig. 2E). In contrast, FFC-fed and RCD-fed female 
mice demonstrated an increase in platelet-derived 
EVs at 24 weeks of feeding, although the increase in 
FFC-fed mice was significantly greater (Fig. 2F).

We investigated the correlation between circulating 
EVs of different cell types with histologic and imaging 
features. Macrophage-derived EVs correlated with ste-
atosis, lobular inflammation, ballooning, and fibrosis 

stage, which marked the severity of NASH and could 
be distinguished by different NAS scores (Fig. 3A; 
Table 1). Neutrophil- and platelet-derived EVs not 
only correlated with NAS predominantly driven by 
ballooning (Fig. 3B,C) but also fibrosis stage and 
MRI-calculated fat fraction (Table 1). Hepatocyte-
derived EVs increased with NAS (Fig. 3D,E) and cor-
related with individual components of NAS (Table 1) 
but did not correlate with fat fraction. The highest 
correlations were between macrophage-derived EVs 
and neutrophil-derived EVs and histologic gold- 
standard features of NASH (Table 1). These data sug-
gest that EVs could be used as potential biomarkers.

FFC-FED FEMALE MICE GAIN 
WEIGHT AND DEVELOP LIVER 
INJURY, INFLAMMATION, AND 
FIBROSIS

Female mice fed the FFC diet gained body mass 
steadily starting at 10 weeks and reached a plateau 
at week 24 (Fig. 4A). Compared with their age-
matched controls, the mean values of body weights 
were significantly higher at all time points except 
week 1 (Fig. 4A). RCD-fed mice did not gain weight 
over the duration of the study. FFC-fed mice devel-
oped hepatomegaly at 10 weeks of feeding (FFC-fed 
mice, 1.36 ± 0.20 g vs. RCD-fed mice, 1.00 ± 0.09 g; 
P  <  0.001). Furthermore, when normalized to body 
mass, the liver index or relative liver mass was ele-
vated in the FFC-fed female mice at weeks 10, 24, 36, 
and 60 but comparable at week 16 of feeding between 
the two dietary groups (Fig. 4B). Serum ALT lev-
els of FFC-fed mice were unchanged at week 1 and 
increased starting at week 10 compared to RCD-fed 
mice (Fig. 4C). ALT levels plateaued at week 24 in 
FFC-fed female mice and remained unchanged over 
time in RCD-fed mice.

Histologic analysis demonstrated that steatosis was 
observed from week 1 onwards (Figs. 5A and 6). At 
week 1, five out of eight FFC-fed female mice had 
mild steatosis. This increased progressively at week 
10 onwards and by week 36, six out of eight female 

FIG. 1. Hepatocyte-derived EVs in male and female FFC-fed mice. (A,B) Quantification of circulating hepatocyte-derived EVs 
(ASGR1+) in both male and female RCD and FFC-fed mice. (C,D) Percentages of CYP2E1+ EVs in the ASGR1+ populations in both 
RCD and FFC-fed male and female mice. (E,F) Quantification of circulating hepatocyte-derived EVs (CYP2E1+) in both male and 
female RCD and FFC-fed mice. (G,H) Percentages of ASGR1+ EVs in the CYP2E1+ populations in both RCD and FFC-fed male 
and female mice. Data represent mean ± SEM; n = 6 for each group; *P < 0.05, ***P < 0.001.
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mice had developed severe steatosis. In contrast, male 
mice developed severe steatosis by 24 weeks of FFC 
feeding.(16) RCD-fed female mice demonstrated no 

steatosis for the duration of the study. Ballooning was 
first noted in FFC-fed female mice at week 16 and 
persisted for the duration of the study through week 

FIG. 2. Macrophage, neutrophil, and platelet-derived EVs in male and female FFC-fed mice. (A,B) Quantification of circulating 
macrophage-derived EVs (Alexa Fluor 448 Galectin-3) in both male and female RCD and FFC-fed mice. (C,D) Quantification 
of circulating neutrophil-derived EVs (APC-Cy7-Ly6G and Ly-6C) in both male and female RCD and FFC-fed mice.  
(E,F) Quantification of circulating platelet-derived EVs (CD61-APC) in both male and female RCD and FFC-fed mice. Data represent 
mean ± SEM; n = 6 for each group; *P < 0.05, **P < 0.01, ***P < 0.001. Abbreviation: AF488 Gal3, Alexa Fluor 448 Galectin-3.
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60 (Fig. 5B). FFC-fed mice first demonstrated lobular 
inflammation at 16 weeks, and this also persisted for 
the duration of the study (Fig. 5C). Male mice showed 
more severe inflammation than female mice(16); at 
week 24, all FFC-fed female mice had mild inflamma-
tion (grade 1, 100%) while most male mice had mod-
erate inflammation (grade 2; 62.5%, 5/8). No tumor 
formation was observed in the FFC-fed female mice 
over the duration of the feeding study. NAS was com-
puted by summing the scores for steatosis, hepatocyte 

ballooning, and lobular inflammation. All the FFC-
fed mice had significantly increased NAS compared 
to RCD-fed mice at weeks 10, 16, 24, 36, and 60  
(Fig. 5D). At week 24, female FFC-fed mice had 
intermediate NAS (3 ≤ NAS ≤ 5, borderline NASH; 
100%) while most males had already reached a higher 
NAS of 6 (NAS >5, definite NASH; 62.5%, 5/8).(16)

Sirius red-stained sections were analyzed for quan-
titative measurement of fibrosis by image analysis and 
histologic stage of fibrosis (Figs. 5E,F and 7). The 

FIG. 3. Correlations of circulating EV levels with NAS. (A) Correlation of macrophage-derived EVs with NAS. (B) Correlation of 
neutrophil-derived EVs with NAS. (C) Correlation of platelet-derived EVs with NAS. (D) Correlation of hepatocyte-derived ASGR1+ 
EVs with NAS. (E) Correlation of hepatocyte-derived CYP2E1+ EVs with NAS. Data represent mean ± SEM; n = 5 for NAS 1-2, 
n = 14 for NAS 3-4, n = 17 for NAS ≥5.
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percentage of sirius red-stained area increased in FFC- 
fed female mice; this became significant from week 
16 onwards compared with RCD-fed mice, which 
did not develop fibrosis over time, and was concor-
dant with the histologic fibrosis stage. In comparison 
to previously reported FFC-fed male mice, the onset 
of fibrosis was slower and the severity was mitigated 
in female mice. For example, at 36 weeks of feeding, 
female FFC-fed mice had mild to moderate fibrosis 
(1a ≤ fibrosis ≤ 2; 100%) while most males had severe 
fibrosis (fibrosis >2; 57.1%, 4/7).

FAT FRACTION AND  
MRE-ASSESSED MECHANICAL 
PROPERTIES

MRI-measured fat fraction was elevated following 
1 week of FFC feeding and continued to increase over 
time (Fig. 8A). Our previously reported male FFC-
fed cohort(16) showed a significantly higher fat frac-
tion at weeks 24 and 36 compared to FFC-fed female 
mice (week 24, 33.0%  ±  3.3% vs. 22.5%  ±  1.7%, 
P  <  0.001, respectively; week 36, 30.1%  ±  1.9% vs. 
23.0% ± 1.8%, P < 0.001, respectively). Shear stiffness 
and damping ratio were analyzed as normalized values 
calculated from absolute value weighted by the mean 
value of age-matched controls. The mean shear stiff-
ness in FFC-fed female mice was higher than RCD-
fed controls (Fig. 8B). In comparison, our published 
kinetic analysis in FFC-fed male mice demonstrated 
an increase in mean shear stiffness at week 16, and 
this persisted for the duration of the study to week 48 
of FFC feeding.(16) The damping ratio measurement 
demonstrated an increasing trend in FFC-fed female 
mice up to week 36 of feeding (Fig. 8C). The damp-
ing ratio decreased slightly in response to significant 

fibrosis at week 60 of FFC feeding in female mice. In 
comparison, we had reported a reduction in damping 
ratio at weeks 36 and 48 in FFC-fed male mice.(16)

Discussion
Our objective in this study was to characterize the 

cellular origin of circulating EVs over time in a dietary 
NASH model in female and male mice and compare 
this to the established biomarkers of histology and 
MRE findings. The principal findings of this study 
are the following: i) Cellular origin and EV numbers 
change over time in FFC-fed female and male mice. 
Hepatocyte-derived circulating EVs are increased in 
FFC-fed female and male mice at 10 and 12 weeks, 
respectively, of feeding and continue to increase sub-
sequently. Macrophage-derived EVs continue to 
increase in FFC-fed female and male mice over time. 
Neutrophil-derived EVs are increased in female and 
male mice with age and increase further in FFC-fed 
female and male mice at 24 weeks compared to RCD-
fed mice; ii) female mice gain weight and develop 
NASH, albeit delayed and attenuated in comparison 
with male mice. With regard to histologic features of 
NASH, steatosis is attenuated to a lesser degree than 
inflammation and fibrosis in FFC-fed female mice; 
iii) FFC-fed female mice develop significant steatosis 
as assessed by MRI; however, shear stiffness remains 
unchanged and damping ratio does not decrease in 
contrast to FFC-fed male mice.

EVs are cell-derived nanoparticles released into the 
extracellular milieu by most cell types.(31) Not only 
are EVs regarded as important mediators of local and 
systemic cell-to-cell communication, they also play a 
role in the pathogenesis of inflammatory and fibrotic 

TABLE 1. CORRELATIONS OF CIRCULATING EV LEVELS WITH STEATOSIS, INFLAMMATION, AND 
FIBROSIS IN ALL MALE AND FEMALE FFC-FED MICE WITH NASH

Macrophage EVs Neutrophil EVs Platelet EVs,
Hepatocyte-
ASGR1+ EVs

Hepatocyte-
CYP2E1+ EVs

r P r P r P r P r P

NAS (n = 36) 0.554 <0.001 0.511 0.001 0.406 0.014 0.432 0.024 0.428 0.012

Fat fraction (%) (n = 24) 0.158 0.405 0.622 <0.001 0.608 <0.001 0.266 0.163 0.100 0.997

Steatosis grade (n = 36) 0.364 0.029 0.197 0.249 0.206 0.228 0.486 0.032 0.525 0.013

Fibrosis stage (n = 36) 0.577 <0.001 0.597 <0.001 0.518 0.001 0.502 0.002 0.511 0.003

Lobular inflammation (n = 36) 0.415 0.012 0.341 0.042 0.205 0.231 0.463 0.010 0.425 0.016

Ballooning (n = 36) 0.502 0.002 0.650 <0.001 0.537 0.001 0.324 0.047 0.398 0.038
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responses in the liver.(7,26,27,32) Importantly, circulating 
EVs are emerging as a potential biomarker, or liquid 
biopsy, for NASH. Although hepatocyte-derived EVs, 
platelet-derived EVs, endothelial cell-derived EVs, 
and total circulating EVs have been shown to be ele-
vated in murine models of NASH and human samples 

of NASH and obesity,(7,26,33) this is the first report of 
the kinetic changes in EVs of hepatocyte, macrophage, 
neutrophil, and platelet origin in a mouse model of 
NASH. We defined hepatocyte-derived EVs as the 
population that expressed either ASGR1 or CYP2E1. 
We found that hepatocyte-derived EVs were increased 
at early time points when the predominant histologic 
lesion is steatosis and remain elevated with NASH 
progression over time. Hepatocyte-derived EVs cor-
related with ballooning, inflammation, and fibrosis of 
the liver. The correlation between circulating levels 
of hepatocyte-derived EVs and inflammation, NAS, 
and fibrosis strengthens the rationale for quantifying 
hepatocyte-derived EVs to predict severity of NASH 
and hepatocellular injury.

There is no gold-standard method for EV isola-
tion.(34) Currently used methods vary in EV yield, 
purity, quality, and labor.(35) High throughput polymer- 
based methods are fraught with coprecipitated impu-
rities. Differential ultracentrifugation and density 
gradient centrifugation are laborious, although these 
methods yield purer EVs at the cost of a lower yield. 
Furthermore, when compared systematically, EV 
yield across methods is highly variable.(36) We used 
nanoscale flow cytometry to characterize circulating 
vesicles as it provides several advantages to other con-
ventional EV isolation methods.(37) This modality 
has high throughput capabilities, is easy to perform, 
requires minimal sample preparation, and can detect 
multiple populations of EVs simultaneously in rela-
tively small volumes of plasma.(28,38) It has high sen-
sitivity to detect single EVs across a wide size range. 
Due to size overlap with chylomicrons, light scatter 
may not be able to separate chylomicrons from EVs; 
therefore, mice were killed in the fasted state to min-
imize contribution from chylomicrons. Conventional 
flow cytometry has become an accepted tool in clin-
ical diagnostics. An eventual goal of nanoscale flow 
cytometry is to also apply it to clinical diagnostics. We 
chose this modality to demonstrate proof-of-principle 
that EVs of different cells of origin can be detected in 
plasma in a mouse model of NASH.

Cells of the innate immune system, in particu-
lar macrophages and neutrophils, are known media-
tors of the sterile inflammatory response in NASH; 
therefore, we asked whether these cell types release 
EVs in our dietary NASH model. We also quantified 
platelet-derived EVs as they are known to be physi-
ologically abundant. We found that macrophage- and 

FIG. 4. FFC-fed female mice develop liver injury. (A) Body 
weight of FFC-fed female mice (n  =  5-8 per group) showed 
significantly elevated body weights from week 10 onwards 
compared with RCD mice (n = 7-8 per group). (B) FFC-fed mice 
had significantly higher relative liver mass at weeks 10, 24, 36, 
and 60 (n = 7-8 per group). (C) FFC-fed mice had significantly 
elevated ALT levels compared with RCD mice from weeks 10 to 
60 (n = 4-8 per group), while the ALT levels of RCD mice were 
stable and low. Data represent mean ± SEM; *P < 0.05, **P < 0.01, 
***P < 0.001.
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neutrophil-derived EVs strongly correlated with 
hepatic steatosis, inflammation, fibrosis, and NAS in 
FFC-fed mice. It has been shown that neutrophil- 
derived exosomes can induce airway smooth muscle 
proliferation in asthma and also macrophage inflamma-
tory responses in rheumatoid arthritis(39,40); therefore, 
they may play a role in NASH. Similarly, adipose tissue 
macrophage-derived EVs can influence systemic insulin 
resistance in obesity.(41) Macrophage-derived EVs can 

influence anti-hepatitis C immune responses(42) and 
placental inflammatory responses.(43) Adipose tissue 
expansion and inflammation are a component of obesi-
ty-associated metabolic syndrome in our mouse dietary 
model and in humans with NASH.(15,44) Adipose tis-
sue-derived EVs are elevated in diet-induced obesity 
mouse models(45); therefore, we cannot exclude a con-
tribution from adipocyte-derived EVs in our model. 
In our study, we demonstrate that neutrophil-derived 

FIG. 5. Histologic assessment of NASH in FFC-fed female mice. (A) FFC-fed mice showed significant steatosis from week 1 and 
reached a plateau around grade 3 at week 24, while no RCD-fed mice developed steatosis (n = 5-8 per group). (B) FFC-fed mice 
demonstrated hepatocyte ballooning from week 16 onwards, while no ballooning was seen in RCD mice at any time (n = 5-8 per group). 
(C) FFC-fed mice developed progressive lobular inf lammation with significantly elevated lobular inf lammation scores from week 16 
onwards (n = 5-8 per group). (D) All FFC-fed mice demonstrated significantly increased NAS compared with RCD mice from week 
10 (n = 5-8 per group). (E) The percentage of sirius red-stained area in FFC-fed mice was elevated significantly from week 16 compared 
with RCD mice, for which values remained stable and low at all times (n = 5-8 per group). (F) FFC-fed mice demonstrated progressively 
increased fibrosis from week 16, while no RCD-fed mice showed fibrosis (n = 5-8 per group). Data represent mean ± SEM; *P < 0.05, 
**P < 0.01, ***P < 0.001.
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EV levels increased significantly with increasing NAS, 
and this may contribute to the inflammatory reaction 
observed in NASH. We also found that NAS correlated 

with expression level of macrophage-derived EVs. 
Altogether, these data suggest that macrophage- and 
neutrophil-derived EVs may be potential biomarkers 

FIG. 6. Histologic images of NASH in FFC-fed female mice. 
Representative images of hematoxylin and eosin-stained hepatic 
sections (both RCD-fed and FFC-fed mouse samples at all time 
points). Original magnification ×20; n = 5-8 per group. The rapid 
onset of steatosis was observed in FFC-fed mice at week 1 (grade 1; 
62.5%, 5/8). Steatosis developed progressively afterwards; most 
FFC-fed mice showed severe steatosis (grade 3) at week 36 (75%, 
6/8) and week 60 (60%, 3/5). FFC-fed mice demonstrated mild 
ballooning from week 16 (grade 1; 25%, 2/8); more mice developed 
mild ballooning afterwards and kept grade 1 ballooning until their 
endpoint at week 60. No steatosis or ballooning was observed in 
RCD-fed mice at any time point.

FIG. 7. Images of sirius red-stained livers of FFC-fed female 
mice. Representative images of sirius red-stained hepatic sections 
(both RCD-fed and FFC-fed mouse samples at all time points). 
Original magnification ×20; n = 5-8 per group. No fibrosis was 
seen in RCD-fed mice at any time point. Most FFC-fed mice did 
not show fibrosis until week 16 (fibrosis, 0; 62.5%, 5/8). From 
week 24 onwards, all FFC-fed mice demonstrated progressively 
increased fibrosis. At week 36, all FFC-fed mice had mild to 
moderate fibrosis (1a ≤ fibrosis ≤2; 100%) that persisted until the 
endpoint at week 60 (fibrosis, ≤2; 80%, 4/5).
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to help identify inflammation severity in NASH. These 
immune cell-derived EVs could potentially be arising 
from innate immune cells in the liver, adipose tissue, or 
other target organs affected in obesity; they may also 
play a role in liver injury and interorgan crosstalk. We 
will test these hypotheses in future experiments.

We also noted kinetic and sex-linked changes in 
platelet-derived EVs. In male mice, FFC feeding 
led to an increase in platelet-derived EVs as early as  
12 weeks. This was in contrast to female FFC-fed 
mice in which an elevation in EVs was not observed 
at 10 weeks; however, at 24 weeks of feeding, platelet- 
derived EVs were significantly elevated in RCD-fed  
and FFC-fed female mice, declining at 36 weeks of 
feeding but still significantly higher than FFC- and 
RCD-fed male mice. The role of platelet-derived 
EVs in NASH and if they are protective in FFC-fed 
female mice warrant further exploration. It is possible 
that the changes in EV cell of origin and number over 
time in FFC-fed mice and the sexual dimorphism we 
observe in EVs play a role in the pathogenesis of the 
dimorphic NASH phenotype observed in these mice. 
We will test this hypothesis in future studies.

This is a descriptive study and establishing the par-
ticular cargo of each type of EV is beyond the scope 
of this study. A limitation of our study is that the 
two sex-based cohorts, female mice and male mice, 
were separated in time. This approach of nanoscale 
flow cytometry will be tested in future simultaneous 
cohorts of male and female mice. Furthermore, we fed 
the control mice standard rodent chow rather than 
a purified control diet, which may impact basal EV 
numbers. Specific EV cargo can play a role in inflam-
mation as elevated EVs in obesity preferentially pack-
age macrophage migration inhibitory factor.(33) Thus, 
it is possible that EV cargo also contributes to sexual 
dimorphism in diet-induced NASH models.

Histologically, FFC-fed female mice demonstrated 
attenuated NASH in comparison with FFC-fed 
male mice, as we previously reported.(16) Each indi-
vidual component of the histologic lesions observed 
in NASH was slower in onset and lesser in severity 
in female mice. Recent studies have demonstrated 
mechanistic insights into the sexual dimorphism 
observed in dietary obesity models by demonstrating 
that female mice housed at thermoneutrality develop 
diet-induced obesity, fatty liver, and inflammation due 
to changes in the stress hormone cortisone, immune 
responses, and changes in the microbiome along with 
increased intestinal permeability.(3) An integrated 
multi-omics and phenotypic analysis of approximately 
100 mouse strains in the hybrid mouse diversity panel 
elucidated sex-specific and tissue-specific genes that 
account for sexual dimorphism. We hypothesize that 
EVs may contribute to sexual dimorphism, although 

FIG. 8. MRI parameters in FFC-fed female mice. (A) FFC-
fed mice showed significantly elevated fat fraction from week 1 
onwards, while the values of RCD-fed mice were stable and low. 
(B) Shear stiffness measurements in FFC mice were higher than 
their RCD-fed controls at all time points, but the elevation was 
not statistically significant. (C) Damping ratio measurements 
demonstrated an increasing trend from week 1 to week 36 and 
decreased slightly at week 60. Data represent mean  ±  SEM; 
n = 4-8 per group; *P < 0.05, ***P < 0.001.
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they could be a biomarker of the attenuated NASH 
phenotype.

MRI and MRE parameters are another emerging 
biomarker for the noninvasive assessment of mechani-
cal properties of soft tissues. Fat-fraction measurement 
was very accurate in the assessment of hepatic steatosis 
in FFC-fed female mice, in keeping with its known 
accuracy.(46) In clinical practice, liver elastography is 
beginning to see widespread use for assessing hepatic 
fibrosis as an alternative biomarker to biopsy and is rec-
ommended in several guidelines for assessment of liver 
fibrosis following numerous studies demonstrating that 
elastography parameters are highly accurate in detect-
ing clinically significant fibrosis.(47,48) Elastography-
assessed tissue mechanical responses generally reflect 
biological composite and matrix structure change of 
cells and soft tissues. There is a significant sex differ-
ence found, with female liver being on average softer 
than their male counterparts.(49,50) We did not observe 
any increase in shear stiffness and only a modest trend 
in damping ratio; this is not surprising due to mild 
inflammation and fibrosis in FFC-fed female mice. 
In our prior studies, we found that the damping ratio 
or loss modulus increases significantly at early onset 
of hepatic inflammation, even before histologically 
detectable cellular lesions, but is not sensitive to the 
later progressive development of steatosis and fibro-
sis.(16) Notably, the effect of steatosis on liver stiff-
ness remains controversial. In both this study and our 
prior study, the presence of steatosis did not lead to a 
significant change in liver stiffness in female mice at  
80 Hz. Further studies are needed to determine 
whether steatosis alone affects liver stiffness and if so 
whether the effect is frequency dependent.

In conclusion, circulating EVs from hepatocytes, 
macrophages, neutrophils, and platelets demon-
strate kinetic trends in a dietary model of NASH in 
female and male mice. Hepatocyte-derived, neutro-
phil-derived, and macrophage-derived EVs strongly 
correlated with the histologic assessment of NASH 
and noninvasive MR-based biomarkers of NASH. 
Platelet-derived EVs demonstrated the most sexual 
dimorphism. These initial findings need further val-
idation and assessment of their biologic relevance in 
preclinical models and in human plasma samples.
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